Abstract-Thermal stability of the ultrahard polycrystalline diamond (UHPCD) composite material developed by the reinforcement of the polycrystalline diamond (PCD) with chemical vapor deposition (CVD) diamond has been investigated in a flow of argon at 1200°C. The indentation, Raman spectra and wear test have been performed to compare hardness, C-C structure and wear resistance of untreated and thermal treated UHPCD. It has been shown that the hardness of CVD diamond in UHPCD attains 133 ± 7 GPa after high pressure and high temperature (HP HT), while after thermal treatment the hardness decreases to 109 ± 3 GPa, and the wear resistance of the thermal treated UHPCD decreases from 0.17 to 0.6 mg/km. The narrowing of full width at half maximum (FWHM) and shift of Raman peak to lower fre quencies of CVD diamond in thermal treated UHPCD imply a decrease of crystal structural defects and compressive stresses, which results in a drop of the hardness of CVD diamond in a thermal treated UHPCD. The higher wear rate of thermal treated UHPCD is due to the lower hardness.
INTRODUCTION
Generally, polycrystalline diamond (PCD) materials are used as cutting inserts in drilling bits. The perfor mance and service life of drilling bits are usually determined by mechanical properties of PCD. It is well known that PCD with extensive diamond-diamond bonding can be synthesized under high pressure and high temperature (HPHT) by using metallic powders as sintering agents. However, a large amount of metallic agents in the PCD could cause deterioration such as graphitization or cracking above about 700°C [1, 2] . Therefore, the working temperature of sintered diamond has been limited to 700°C.
To synthesize PCD with a high thermal stability, an alternative approach is to use unconventional non metallic sintering agents such as calcium carbonate and magnesium carbonate. Akaishi et al. [3] investigated the behavior of magnesium carbonate (MgCO 3 ) as sintered agent at 7.7 GPa and 1800-2450°C in a belt press [3] . PCD sintered with MgCO 3 showed no drop of Vickers hardness until after a heat treatment above 1300°C for 30 min in a vacuum of 1 × 10 -3 -1.5 × 10 -3 Pa. Westraadt et al. reported the synthesis and characterization of PCD sintered with CaCO 3 at 8 ± 0.5 GPa and 2000-2200°C in a 6-8 Kawai type multianvil high pressure apparatus [4] . No wear resistance reduction of PCD was detected after a heat treatment to 1200°C in vacuum (5 × 10 -3 Pa) for 30 min in a machining test on a silica resin bar. However, because of the limitation of extremely high pressure and high temperature conditions, only a few of carbonate sintered PCD toward has been applied in industrial field.
Shulzhenko et al. [5] reported a new approach to sintering superhard material named the ultrahard poly crystalline diamond (UHPCD) composite material. The basis for manufacturing the UHPCD was a combi nation of the high pressure technique and chemical vapor deposition (CVD) method. Superior hardness and excellent wear resistance are the main features of UHPCD. The hardness of the CVD diamond in UHPCD is as high as 140 GPa, which is higher than that of natural diamond single crystal. The hardness of PCD in the UHPCD is about 50 GPa. The wear resistance of the hybrid UHPCD in turning granite of the XI drillability 1 The text was submitted by the authors in English.
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Vol. 37 No. 2 2015 index is higher than that of PCD by a factor of 14. Shulzhenko et al. [6] investigated also a thermal stability of the PCD material. It was found that the PCD retained hardness 23 GPa at a temperature of 1200 K, while the initial hardness was 44.8 GPa. However, the thermal stability of the UHPCD has not been studied. In this study, the thermal stability of the UHPCD was investigated at 1200°C in flow of argon. It contrasted the hardness, wear performance and Raman spectrum of the UHPCD before and after thermal treatment. The mechanism of the decreased mechanical properties of the CVD diamond in thermal treated UHPCD was fur ther discussed.
EXPERIMENTAL

Materials
A diamond micron powder and CVD diamond were used as the raw materials. The diamond powder had grains of sizes from 20 to 30 μm. The CVD diamond with a size of 0.8 × 0.8 × 4 mm was produced by a depo sition in the microwave frequency plasma in methane-hydrogen mixtures. The UHPCD samples were sin tered by the same method as in the previous report [5] . The UHPCD samples (4 mm in diameter and 4.5 mm high) were chemically purified to remove graphite residues. The optical image of UHPCD is shown in figure. The characteristic feature of the UHPCD is a reinforced CVD diamond surrounded by PCD.
Characterization
The UHPCD sample was heated to 1200°C in argon for 10 min. After that, the sample was cooled to room temperature under argon flow. The weight loss was calculated from the weight of the sample before and after the thermal treatment.
The hardness of the CVD diamond was determined using a PTM 3 microhardness tester with a Vickers diamond pyramid as an indenter. The hardness value was found by the generally accepted formula H V = 1.8544P/d 2 , where P is the indentation load, d is the arithmetical mean of two diagonals of the indent. The measurements were performed under loads of 4.9 and 9.8 N. The indent diagonals were measured using a Neophot optical microscope.
The chosen indentation loads may be considered optimal, as in using both of them the obtained hardness values were practically the same, and in addition, during the indentation no fracture of the tested material was observed. During the hardness measurements, a particular attention was paid to the state of the diamond pyr amid tip, which was assessed by measuring indents on the polished surfaces of standard specimens with the hardness of about 4 GPa. After each three measurements of the tested samples, an indent was made on the standard specimen, and the sizes of the diagonals of the indents on tested samples were compared to those made on the standard specimen by the diamond pyramid after production. In the case that the sizes of the indent diagonals deviated from the initial value by more than 3%, the diamond pyramid was corrected. No fracture of the indenter was observed during the hardness measurements under the indentation loads used.
The Raman spectra were measured using a Horiba Jobin Yvon T64000 spectrometer equipped with an Olympus BX41 confocal microscope. A discrete emission line of an Ar-Kr laser (λ exc = 514.5 nm) was used as the source of the optical excitation. The laser beam was focused onto a sample at a site 0.2-0.5 μm in diam eter. The space spectral mapping of the sample was conducted by displacing automated table at a step of 0.1 μm. The frequency of the spectral line was accurate to 0.15 cm -1 . The Raman spectra were measured in the center of the CVD diamond samples.
The wear tests were conducted in cutting Korostyshev granite of the XI drillability category on a special stand based on a DIP 200 screw-cutting lathe. The Korostyshev granite is characterized by stable properties, high hardness, and abrasivity. During the tests, a special equipment as a split cylinder and a sleeve for fixing the rock core as well as a special workholder to fix the sample of a rock destruction element in the machine toolholder (based on a drill chuck) were used.
The rock sample was fixed in the chuck of the special workholder, approached to the rock core surface and was longitudinally cut at a set penetration depth.
To measure the wear loss of samples during the tests a Sartorius type balance was used. The cutting param eters: rotation frequency-355 r/min; penetration depth-0.25 mm. Parameters that were registered: deep ening in penetration with an accuracy of 0.05 mm; turning time accurate to 1 s.
The wear intensity I (mg/km) is defined as the ratio between the mass wear of the rock destruction element Δm = m in -m f to the drifting for a tool element L, where m in and m f (mg) are the sample masses before and after testing, respectively:
; ,
where D is the core diameter, km; n is the rotation frequency of the work spindle, min -1 ; t is the cutting time, min.
The comparative testing of samples were carried out at a cutting speed of 1.35 m/s, the length of turning 1180 m, turning time 870 s.
RESULTS AND DISCUSSION
Thermal Weight Loss
The weight loss of CVD diamond, PCD, and UHPCD after thermal treatment are given in Table 1 . It is shown that the thermal weight loss of CVD diamond is larger than those of PCD and UHPCD. Furthermore, the weight loss rate of CVD diamond is 25.0%, which is 25 times bigger than that of the UHPCD. However, little difference can be seen between PCD and UHPCD.
The CVD diamond easily loses weight under high temperature. The first reason: a thermal decomposition of nondiamond phases is happened under high temperature [7] . The other reason: it is supposed that the resid ual oxygen in the furnace results in oxidation. The early stage of the oxidation process for CVD diamond occurred preferentially at grain boundaries and local defects, due to the substantial amount of sp 2 bonded car bon present. It was reported that the oxidation of sp 2 bonded carbon is much easier than that of sp 3 bonded carbon [8] . The atomic oxygen reacts with CVD diamond at the surface and forms CO and CO 2 products. It means that most oxygen react with diamond at the surface of PCD. At the same time, the sintering agent Si and SiC at the surface of PCD react with oxygen. These products could increase the weight of PCD. There fore, the weight loss of PCD and UHPCD is lower than that of CVD diamond. Furthermore, the CVD dia mond is thoroughly exposed to the environment. It will have more chances to contact with oxygen. Whereas the CVD diamond in UHPCD is surrounded by PCD, the size of the area exposed to oxygen is small. It implies that the UHPCD protects CVD diamond against the effect of oxidation. Table 2 exhibits the hardness of CVD diamond in UHPCD. It can be seen that the CVD diamond has a rather high initial hardness, which is 94 ± 4 GPa. After HP HT, the hardness of CVD diamond in the UHPCD increases up to 140 GPa. The increasing hardness of the CVD diamond results from the plastic deformation of diamond grains during the formation around CVD diamond [5] . The hardness of the CVD diamond in ther mal treated UHPCD decreases from 133 ± 7 GPa to 109 ± 3 GPa while it is still higher than 94 ± 4 GPa of the untreated UHPCD.
Hardness
In the structure of diamond, sp 3 orbitals contribute to formation of four C-C bonds, which produce tet rahedral structure of diamond. Hardness of CVD diamond usually varies over a wide range with sp 3 to sp 2 bonding ratio. The bonding ratio depends on the kinetic energy of the carbon species and amount of hydrogen. It was reported that the predominant defects were hydrogen clusters and nondiamond impurity phases for the CVD diamond [9] . These defects usually produce some local strain in the CVD diamond. Therefore, the strain distorts the atomic arrangement in the diamond lattice. Hydrogen clusters or nondiamond phase react with residual oxygen in the furnace, then the defects can be removed. The weakened local strain and more normal atomics in the CVD diamond lattices could be formed. Thus, the hardness of the CVD diamond decreases after the thermal treatment.
Raman Spectra
The Raman spectra of the samples exhibited a C-C single phonon band of vibrations near the 1332 cm -1 region, which is characteristic of carbon compounds of the type of diamond with the sp 3 chemical bond hybridization [10] . The full width at half maximum (FWHM, Γ) and wavenumber position (ω) of a Raman line are compared. The FWHM is dependent on many complex factors such as crystallite size or structural dis orders [11] . When the crystal is subjected to externally imposed stress or internal flaws caused stress, the posi tion of the Raman peak is subtly affected.
Raman spectra of CVD diamonds (untreated, untreated UHPCD, and thermal treated UHPCD) are given in Table 3 . It is shown that the peak position of CVD diamond increases from 1333.3 to 1334.0 cm -1 and the FWHM increases from 9.3 to 12.7 cm -1 after HPHT treatment. A high value of the FWHM means a heavy disordering of the CVD diamond material. The variations of the peak position and FWHM point to the inho mogeneous distribution of elastic deformations and perfection degree of the crystal structures of diamond. It has been found that the broadened FWHM of the CVD diamond in UHPCD is evidently due to the increase of the structural defect concentration [5] .
The FWHM of CVD diamond in thermal treated UHPCD becomes narrower than that of CVD diamond in untreated UHPCD. It is closer to natural and synthetic diamond single crystals whose FWHM were only 2.0-2.5 cm -1 [12] . The FWHM reflects the degree of distortion [13] . The distortion in crystallographic sym metry removes the Raman peak completely or partially. The strain weakens after eliminating the defects. Meanwhile the distortion is less. It was reported that a significant reduction of impurity phases in CVD dia mond leads to an appreciable reduction of the FWHM of Raman spectra [9] . It can be concluded that the dis tortion of the CVD diamond in UHPCD becomes weaker after thermal treatment.
The peak position decreases from 1334.0 to 1332.9 cm -1 after the thermal treatment. The position of the Raman peak is affected by stress [14] . Compressive stress results in a shift of the peak to higher frequencies, and tensile stress results in a shift of the peak to lower frequencies. The peak position decreases to 1332.9 cm -1 , but it is still higher than the theoretical position 1332.5 cm -1 . The results showed that the compressive stress is partly released after thermal treatment. But the crystal in CVD diamond is still subjected to compressive stress. Hydrogen clusters or nondiamond phases usually produce some strain and distort atomic arrangement in the diamond lattice. They are removed after thermal treatment. Then the distortion weakens. The compressive stress is released. Therefore, the peak position is shifted to lower wavenumber.
Wear Performances
The wear loss of the untreated and thermal treated UHPCD are shown in Table 4 . The average wear rate of the untreated UHPCD is 0.17 mg/km and of thermal treated UHPCD the average wear rate is 0.6 mg/km. The thermal treatment increases the wear loss of UHPCD. The wear resistance of thermal treated UHPCD is better than that of PCD by a factor of 10.
Discussion
The hardness of the CVD diamond in UHPCD decreases from 133 ± 7 to 109 ± 3 GPa after thermal treat ment. At the same time, the wear resistance of the thermal treated UHPCD is lower than that of the untreated UHPCD. The obtained result is consistent with the result reported in [13] . Even though the CVD diamond in our experiment and the CVD diamond material in [13] were not manufactured in the same factory, they belong to the same kind of superhard materials. Furthermore, there is a quasilinear relationship between the hardness and wear resistance of diamond [15] . The narrowing of FWHM and downshift of Raman peak are consistent with the decrease of hardness and wear resistance of CVD diamond. The growth defects affect the hardness and wear resistance of the UHPCD. Both the crystal structure defects and released compressive stresses in CVD diamond result in the drop of the hardness after thermal treatment. Hydrogen clusters and nondiamond carbon phases are removed under high temperature by thermal decomposition and oxidation. The residual atomic oxygen reacts with hydrogen clusters and nondiamond impurity phases at the surface of CVD diamond. And then these kinds of defects are removed from CVD diamond. The distortion about atomic arrangement in the diamond lattice weakens. The FWHM of Raman spectrum reflects the degree of the crystal structure distortion. The FWHM of CVD diamond is narrower after thermal treatment. It shows a decrease of the structural defects in this material. A shift of the Raman peak is dependent on the stress of the CVD dia mond crystal. The strain in diamond lattice weakens after removing the defects. And then the compressive stresses are released. Therefore, the peak position moves to a lower wavenumber. Nevertheless, the UHPCD can be recognized as a kind of materials with excellent heat durability and wear resistant performance. Based on the research of the UHPCD properties, the material could be recommended for manufacturing drilling bits and dressing tools.
CONCLUSIONS
The following conclusions have been drawn from this study: -after HPHT the hardness of CVD diamond inside the UHPCD increased by 41%. Although after the thermal treatment the hardness of CVD diamond decreased from 133 ± 7 GPa to 109 ± 3 GPa, it was still higher than 94 ± 4 GPa that of the untreated UHPCD;
-the lower hardness of the CVD diamond in the thermal treated UHPCD contributed to a higher wear rate. The wear rate of the UHPCD decreased from 0.17 mg/km to 0.6 mg/km after thermal treatment, but it was still much lighter than 6.1 mg/km that of the PCD; -the narrowing of the FWHM and the downshift of Raman peak were implied the lighter structural defects and released compressive stresses under high temperature, which result in a drop of the hardness and wear resistance of CVD diamond in thermal treated UHPCD.
